Brazil generates an annual demand for more than 2.83 million tons of phosphate fertilizers. Part of this is due to low P use efficiency (PUE) by plants, particularly in current maize cultivars. Thus, the aim of this study was to create indexes that allow accurate selection of maize genotypes with high PUE under conditions of either low or high P availability. The experiment was conducted in a greenhouse (20º45'14"S; 42º52'53"W) at the Universidade Federal de Viçosa in October 2010. We evaluated 39 experimental hybrid combinations and 14 maize inbred lines with divergent PUE under two conditions of P availability. The relative importance of the traits studied was analyzed and estimated by principal component analysis, factor analysis, and establishment of selection indexes. To obtain genotypes responsive to high P availability, the index SI HP (selection index for high phosphorus) = 0.3985 RDM + 0.3099 SDM + 0.5567 RL LAT + 0.2340 PUEb -0.1139 SRS is recommended. To obtain genotypes tolerant to low P availability, the index SI LP (selection index for low phosphorus) = 0.3548 RDM + 0.3996 RL LAT + 0.3344 SDM + 0.0041 SH/RS -0.1019 SRS is suggested.
INTRODUCTION
Brazil generates an annual internal demand for more than 2.83 million tons of phosphate fertilizers. Approximately half of this amount is produced internally; the other half is imported from countries such as Russia, Morocco, China, and the United States (Vilar, 2010) . Indicators show that this dependency will continue to increase sharply if new alternatives are not developed and implemented.
Part of this problem is due to low phosphorus use efficiency (PUE) by plants, particularly in current maize cultivars. This is because most of these were obtained under optimal phosphorus (P) availability conditions; in other words, they were selected for ideal growing conditions (Cecarelli, 1996) . This situation contributes to yields that do not achieve their potential.
Knowledge of the biological and functional relationships among various measurable attributes allows a more detailed choice of the traits used in making selection (Acquaah et al., 1992) . Thus, traits related to the shoot and root system, together with P uptake and use efficiency, can assist in early evaluation or indirect selection methods for higher PUE through speeding the selection process and disregarding less efficient genotypes at an earlier time, concentrating resources on potentially better genotypes (Fritsche-Neto et al., 2010; Machado et al., 2004) .
Knowing these relationships, the next step is to use tools that assist in establishing selection indexes. For Cruz & Carneiro (2006) , factor analysis is a significant alternative because it structures and simplifies the original data so that a large number of variables comes to be represented by a smaller number, expressed by linear combinations of these original data, called factors. Traits grouped in one factor are intensely correlated with each other and weakly correlated with other factors.
These factors are extracted by principal component analysis, whose function is to simplify a set of n variables into factors with the ability of joining the maximum amount of original variation available, while remaining mutually independent (Cruz & Carneiro, 2006) . The result of factor analysis, combined with principal component analysis, allows the traits that less discriminate the genotypes to be disregarded, and then selection indexes can be established (DoVale et al., 2011) .
Consequently, the aim of this study was to develop indexes that allow accurate selection of maize genotypes that have high PUE under either low or high P availability.
MATERIALS AND METHODS
The experiment was conducted in a greenhouse at the Diogo Alves de Mello Experimental Field (20º45'14"S; 42º52'53"W) that belongs to the Plant Science Department of the Universidade Federal de Viçosa, Brazil, in October 2010. We used 39 experimental hybrid combinations of maize and their 14 parent inbred lines that came from the germplasm bank of the Programa Milho ® . These inbred lines and hybrids have wide genetic variability for PUE, detected in previous studies (Fritsche-Neto, 2011; . These genotypes were then evaluated under two contrasting conditions in regard to P availability. Therefore, a completely randomized experimental design was used, with two replications, in a simple factorial arrangement (53 genotypes x 2 P levels). Plots consisted of one plant per pot. Although the hybrids were obtained by partial diallel crosses, the data were not evaluated considering this genetic design. The aim of this study was not to evaluate genetic control, but rather to study the possibility of indirect selection for PUE in tropical maize.
The seeds were sterilized and then germinated in polyethylene trays in individual cells. After emergence, a seedling from each genotype was transplanted in 4 dm 3 cylindrical PVC pots. The experiment substrate was prepared by mixing 50% washed sand, 37.5% vermiculite, and 12.5% soil (from the B horizon of a Latossolo Vermelho-Amarelo Distrófico). The soil was used to adsorb the P and not leave it immediately available to the plants.
P was added in the form of triple superphosphate. For the high P availability condition (HP), 192 mg of P dm -3 was mixed in the substrate, and in the low P condition (LP), 34 mg dm -3
. The other nutrients were supplied via modified Hoagland & Arnon (1938) nutrient solution, without addition of P.
After collection of the plants in the six fully-expanded leaf vegetative stage (V6), the shoots were separated from the roots. The traits measured were shoot dry matter (SDM), root dry matter (RDM), lateral root length (RL LAT ), axial root length (RL AXI ), lateral root surface area (SA LAT ), and axial root surface area (SA AXI ). The weight of the dry shoots and roots were determined after drying in a forced air circulation laboratory oven for 72 hours at 60 °C.
The root lengths and areas were obtained through image analysis using WinRhizo PRO 2009c, coupled to the Epson Expression XL 10000 professional scanner equipped with a transparency unit (TPU), as described by Bouma et al. (2000) ; for this purpose, the entire root was used and not only samples. Roots with diameter less than or equal to 0.5 mm were considered lateral roots, and those with diameters greater than 0.5 mm as axial roots (Trachsel et al., 2009) . From these values, the specific root surface area (SRS) and the ratio between the shoot dry matter and the root surface area (SDM/RS) were obtained by the following expressions:
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To calculate P concentration, a 0.1 g sample was taken, and nitric perchloric acid digestion was performed according to Malavolta et al. (1989) , and then reading of P concentration in a spectrophotometer at 725 nm.
The nutritional efficiency indexes were obtained as described by Moll et al. (1982) in mg mg -1 ,
, and in which P (PLANT) is the phosphorus present in the photosynthetically active plant tissues and P (APPLIED), the phosphorus applied in the substrate used in this study. After obtaining the data, the following model was used for analyses of variance: Y ijk = µ + a i + β j + (aβ)ij + ε ijk , in which Y ijk is the value observed for the trait in the i-th genotype, j-th level (P availability) and k-th replication; µ is the overall mean for the trait; á i is the effect of the i-th genotype (i=1, 2, 3,..., 53), considered as a random effect because it is a population sample with wide genetic variability for PUE (Fritsche-Neto, 2011; , in which g~NID (0, σ 2 g
); â j is the effect of the j-th application rate of the nutrient (j = 1, 2), considered as a fixed effect, in which a~N (a, a²); (áâ) ij is the interaction effect of the i-th genotype with j-th application rate of the nutrient, considered as random effect, in which ga~NID (0,σ 2 gxa ); and ε ik is the effect of the random error associated with the observation of order ijk, in which ~NID (0, σ 2 ).
The estimates of phenotypic correlations (r f ) were obtained through the Pearson coefficient:
, in which x 1 , x 2 ,..., x n and y 1 , y 2 ,..., y n and are the values observed for the traits measured. The estimates of r f were tested at 1% and 5% probability by the t test.
The relative importance of the traits studied was estimated by principal component analysis (Singh, 1981) . The traits that least contributed to genetic divergence among the genotypes were chosen for elimination. Therefore, to construct the selection index, the characters with the highest weighted values in the smallest eigen values component were ignored.
After that, the following model was used to perform factor analyses: x j = l j1 F 1 + l j2 F 2 + ... + l jm F m , in which X j is the estimated variable in each plot, with j = 1, 2,... v, ljk is the factor loading for the j-th variable associated with the k-th factor, with k = 1, 2,... m, F k is the k-th common factor, and å j is the specific factor associated with the j-th variable. The initial factor loading is given by:
, in which λ ij is the i-th eigenvalue greater than 1 obtained from the matrix of phenotypic correlations, and V ij is the jth value of the i-th vector, with j being the number of variables and k the number of factors. Communality is represented by:
. The number of final factors considered for grouping traits was given by the number of eigenvalues greater than or equal to 1.00. Traits were grouped based on the final factor loadings greater than 0.70 obtained after rotation, which indicates that these traits have high correlation and can be grouped in a single factor. Factor loadings were extracted by principal component analysis, and the factors were established by the varimax rotation method (Cruz & Carneiro, 2006) .
The scores used in creating the indexes were obtained through the following equation system:
the m x v dimension matrix of the final rotated factor loadings, and β is the m x v dimension matrix of the weighted coefficients of the traits for obtaining the scores of the factors.
Analysis of the relative importance of the traits studied, estimated by principal component analysis, factor analysis, and establishment of the selection indexes, was carried out according to DoVale et al. (2011) . All of them were performed using the genetics and statistics computer application GENES (Cruz, 2013) .
RESULTS AND DISCUSSION
According to combined analysis of variance, the different P availabilities used were sufficient to differentiate the genotypes in regard to the main variable (PUE) and other attributes, with the exception of PUEt and SH/RS (Table 1) . However, only PUE, RL AXI , SDM, and RDM had differentiated responses in the two environments tested, confirmed by the significance of the genotype x P levels (G x P) interaction. Similar results were observed by DoVale & Fritsche-Neto (2013), Pereira et al., (2013) , Fritsche-Neto (2011), and Souza et al., (2009) . The values of the experimental coefficients of variation were within acceptable levels for studies of this nature, that is, under stress conditions, which indicated good experimental precision (Pereira et al., 2013; DoVale et al., 2011; Fritsche-Neto et al., 2010) .
In the attempt to identify QTL for PUE, Chen et al. (2009) were not successful in mapping regions of the genome with genes coinciding for contrasting conditions of P availability. That is because the genes are expressed differentially in accordance with the environment (Souza et al., 2009) . Thus, this justifies making selection in specific environments and not in accordance with mean behavior. Rev. Ceres, Viçosa, v. 64, n.3, p. 266-273, mai/jun, 2017 SV DF The results of individual analysis of variance indicated that, under low P availability, there was a significant difference for genotype effect in all the traits measured ( Table 2 ). The same occurred at a high supply of this nutrient, except for the SH/RS ratio and the PUEt. The heritability values of these two traits were lower in this environment. These genetic differences observed at each level of P indicate genotypic variability. This confirms that gains from selection can be obtained. As there was a higher number of traits with different performances in low P, it can be affirmed that the state of P nutritional stress increases the amplitude of morphological and physiological differences tested in topical maize genotypes, which allows greater exploitation of genetic variability.
Under nutritional stress, the genes that codify high affinity P transporters in the roots have preferential expression. Some of these gene inductions are directly involved in increasing P availability in the rhizosphere and in promoting P uptake (Raghothama, 2000) . Yet under high supply of inorganic P (Pi), a variable amount of this element is lost by the cell via efflux (Rausch & Bucher, 2002) . Thus, combining reduction or elimination of efflux with a greater amount of active P transporters in the roots, efficiency in the use of P tends to be greater in the stress environment. This can be seen upon comparing the PUE in the two environments; at low P, the response was 2.6 times greater than at the other level.
In both environments, most of the traits had significant and high magnitude correlation with the main variable (PUE) under study (Table 3 ). According to Cruz et al., (2012) , selection based on one or a few characteristics proves to be inadequate. In fact, simultaneous selection of a set of traits strongly correlated with the main variable and that are easily measurable increases the chance of success of a breeding program.
The significant correlation, though in a negative manner, of the SRS with the PUE can be explained by the fact of P being an element that is most taken up by plant roots through diffusion, assisted by the process of root interception (Novais et al., 2007) . Thus, roots with smaller specific surfaces, that is, less area per weight unit, have greater contact and reactivity with the soil solution and clay minerals, allowing greater uptake of the element, which contributes to an increase in P use efficiency. This demonstrates the importance of SRS in composition of the index.
Of the PUE components proposed by Moll et al., (1982) , only uptake efficiency (PUEb) is relevant in the selection process for the purpose of this study, given the nonsignificant correlation of P utilization efficiency (PUEt) with PUE. Similar results were found by Parentoni & Souza Júnior (2008) in which, according to these authors, upon using selection indexes in maize aiming to increase PUE, higher weights must be given to the PUEb.
In principal component analysis, the percentage of variance accumulated in the first three factors within the stress environment was 96.40%, whereas in the environment under ideal conditions of P availability, it was 78.86% (Table 4) . Both values represent reliability for interpretation of the data with accuracy (Nascimento et al., 2009; Johnson & Wichern, 1999) . Thus, observing the analysis of the last eigenvectors, that is, from the last up to that in which the value of the eigenvector obtained in the correlation matrix is less than 0.7, the traits RL AXI in high P, and PUE and SDM in low P were identified as traits that could be disregarded.
Rejecting RL AXI because of high correlation with RL LAT in high and low P availability environments is justified, due to the hierarchical level between these roots described by . In other words, as the length of the axial roots increases, the insertion points and emergence of the lateral roots increase. The SDM, however, should not be disregarded, because it is easy to measure and represents the photosynthetically active surface of the plant, which contributes to a positive overall carbon balance, stimulating better distribution in the root system (Mollier & Pellerin, 1999) . Optimization in carbon allocation in plant roots for the purpose of greater acquisition of phosphorus is of obvious importance for adaptation of the genotypes under conditions of high and low P availability (Zhu et al., 2005) . Among other factors, the mobility of this element is low in tropical soils, whose diffusion coefficient has a magnitude of 10 -11 cm 2 s -1 , whereas NO 3 -and NH 4 + have values in the order of 10 -6 **: significant at 1% probability, N.S.: non-significant, respectively, by the t test.
SDM -shoot dry matter; RDM -root dry matter; SRA -specific root area; SH/RS -shoot/root surface ratio; RL LAT -lateral root length; RL AXI -axial root length; SA LAT -lateral root surface area; SA AXI -axial root surface area; PUEb -phosphorus uptake efficiency; PUEt -phosphorus utilization efficiency.
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and 10 -7 cm 2 s -1 (Marschner & Marschner, 2012; Novais et al., 2007) .
Through factor analysis, we sought to obtain the terms related to the traits that constitute efficiency in phosphorus use under conditions of high and low P availability (Table  5) . Thus, the first three eigenvectors prevailed for grouping of traits under both conditions of P availability, because they concentrated most of the total variation (Table 4) . The lowest communality found was 0.96. According to Souza (1988) , values as low as 0.64 are acceptable. Thus, the high efficiency of representation of the variables by a common part is evident. Consequently, discrimination of the genotypes through groups of traits formed by this analysis proved to be adequate.
According to the signals and values of the initial and final factor loadings in the three-dimensional space formed by an axis of each eigenvalue, 5 groups of traits were formed in the two environments. The correlation between the variables within the groups is of high magnitude; thus, it is admissible to disregard traits that are more difficult to measure, redundant, inadequate for discrimination of genotypes, and those that allow selection based on greater anatomical and physiological amplitude of activity in PUE. Thus, in the environment without nutritional stress, the following are disregarded: SA AXI (group 1), PUE (group 2), and SA LAT (group 3). At low P availability, the following traits should be rejected: RL AXI and SA AXI (group 1), SA LAT (group 2), and, finally, PUEb (group 3).
The best genotypes under each condition of P availability were selected based on the coefficients of weighting of traits from the scores obtained in each factor (Cruz & Carneiro, 2006; DoVale et al., 2011) . Thus, the selection indexes from the scores of factor 1 are proposed, whose weightings were most acceptable through attributing greater weights to the traits of greater importance for the PUE, as well as better discriminating the genotypes in the two environments; it can then be used in per se selection of maize inbred lines for this trait. In the absence of stress, the index recommended is SI HP (selection index for high phosphorus) = 0.3985 RDM + 0.3099 SDM + 0.5567 RL LAT + 0.2340 PUEb -0.1139 SRS. Under the condition of low P supply, the recommended index is SI LP (selection index for low phosphorus) = 0.3548 RDM + 0.3996 RL LAT + 0.3344 SDM + 0.0041 SH/RS -0.1019 SRS.
Diverse indexes have been proposed for combined selection; however, the use of multivariate analysis is important in the evaluation of large numbers of traits and establishing indexes, because, in addition to producing 
Rev. Ceres, Viçosa, v. 64, n.3, p. 266-273, mai/jun, 2017 reliable indexes attributing weights to the most important traits, it is efficient in disregarding traits with little contribution to discrimination of genotypes. Thus, the hope is that by these indexes, it may be possible to make early selection of tropical maize genotypes with potential for utilization in breeding programs, or at least that it may be possible to disregard those genotypes hat do not show potential and allow efforts to be concentrated on those of greater prominence.
CONCLUSIONS
To obtain genotypes responsive to high availability of phosphorus, the following index is recommended: SI HP = 0.3985 RDM + 0.3099 SDM + 0.5567 RL LAT + 0.2340 PUEb -0.1139 SRS.
To obtain genotypes tolerant to low availability of phosphorus, the following index is suggested: SI LP = 0.3548 RDM + 0.3996 RL LAT + 0.3344 SDM + 0.0041 SH/RS -0.1019 SRS. 
